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A comprehensive magnetotransport study including resistivity (ρxx) at various fields, isothermal
magnetoresistance and Hall resistivity (ρxy) has been carried out at different temperatures on the
Co2TiAl Heusler alloy. Co2TiAl alloy shows a paramagnetic (PM) to ferromagnetic (FM) transition
below the curie temperature (TC) ∼ 125 K. In the FM region, resistivity and magnetoresistance
reveals a spin flip electron-magnon scattering and the Hall resistivity unveils the anomalous Hall
resistivity (ρAHxy ). Scaling of anomalous Hall resistivity with resistivity establishes the extrinsic
scattering process responsible for the anomalous hall resistivity; however Skew scattering is the
dominant mechanism compared to the side-jump contribution. A one to one correspondence between
magnetoresistance and side-jump contribution to anomalous Hall resistivity verifies the electron-
magnon scattering being the source of side-jump contribution to the anomalous hall resistivity.
INTRODUCTION
Ferromagnetic Heusler alloys (HA) are known for their
multi-functional properties such as shape memory ef-
fect, magneto-caloric effect, large magnetic field induced
strain, high spin polarization, topological properties,
large anomalous hall effect etc. [1–4]. In recent times,
the Cobalt based Heusler alloys have attracted the atten-
tion of researchers due to functional properties like half
metallicity, spin polarization and anomalous hall effect
(AHE) which makes them possible candidates for spin-
tronics applications [5–8].
Anomalous Hall effect is observed in the ferromagnetic
materials resulting from spontaneous magnetization of
the material hence present even in absence of magnetic
field and can be described by the equation:
ρxy = ρ
OH
xy + ρ
AH
xy = R0H + 4piMsRs (1)
where ρOHxy and ρ
AH
xy are the ordinary and anomalous
hall resistivity respectively, and H is the applied mag-
netic field. The coefficients R0 and RS are characterized
by the strength of ordinary (ρOHxy ) and anomalous (ρ
AH
xy )
Hall resistivity [9]. The ordinary Hall effect (OHE) is
classically explained by the Lorentz force deflecting the
moving charge carriers whereas, for anomalous hall effect,
in general, three scattering mechanisms are considered in
the literature that explain the origin of anomalous hall
resistivity. One of them is referred to as Smit asym-
metric scattering or skew scattering mechanism [10, 11],
originally derived for scattering by impurities, for which
anomalous hall resistivity is linearly proportional to lon-
gitudinal resistivity, ρAH−SKxy ∝ ρxx. The second one
is side-jump mechanism proposed by Berger [12], which
follows a quadratic dependence with longitudinal resis-
tivity, ρAH−SJxy ∝ ρ
2
xx. Both of these mechanisms have
extrinsic origin, while the third mechanism is the intrin-
sic one which arises from spin orbit coupling and depends
on the band structure inherent to the material, leading
to ρAH−Ixy ∝ ρ
2
xx. This was discovered by Karplus and
Luttinger [13, 14]. Recently, Karplus Luttinger (KL)
mechanism has been interpreted in the language of Berry
curvature formalism [15–17].
Hall effect has been studied in Cobalt based Heusler
alloys also, in order to understand their scattering mech-
anism. For example, a temperature independent anoma-
lous hall effect proportional to magnetization has been
observed in Co2CrAl suggesting the intrinsic mechanism
in this alloy [18]. The AHE study on the thin films of
Co2FeAl and Co2FeSi by Imort et al. suggested the skew
scattering mechanism influenced by crystalline quality
[19], whereas in another detailed study by Hazra et al.
on Co2FeSi thin films, side-jump and skew scattering
are found to be the dominant mechanism in compari-
son to the intrinsic contribution to anomalous hall resis-
tivity [20]. For Co2MnSi1−xAlx alloys the AHE scaling
with resistivity showed the contributions both from skew
scattering as well as intrinsic mechanism [21]. The phe-
nomenon of anomalous hall effect is intriguing due to
the rich physics, complexity involved in understanding
its origin and the possibility of applications in electronic
devices.
Co2TiAl is a cobalt based Heusler alloy having L21
crystal structure with space group Fm3¯m. It under-
goes a PM to FM second order phase transition at ∼125
K. Cobalt atom contributes to the magnetic moment of
this alloy and Co2TiAl shows the typical characteristic
of soft ferromagnetic material with saturation magnetic
moment ∼ 0.7 µB [22, 23] . In this paper, we report for
the first time a comprehensive magnetotransport study
on Co2TiAl alloy including resistivity, magnetoresistance
and Hall resistivity. Co2TiAl is the least explored cobalt
based Heusler alloy specially in case of transport stud-
ies, whereas there are few magnetization studies present
in the literature [24]. A detailed Magnetoresistance and
AHE analysis explains the transport mechanism in this
alloy.
EXPERIMENTAL DETAILS
Co2TiAl is synthesized by arc melting the stoichio-
metric amounts of Co, Ti and Al in high purity argon
atmosphere. The as-cast ingot obtained is vacuum an-
nealed (better than 5 x 10−6 mbar) at 1073 K for a week.
2The sample is characterized by powder X-ray diffraction
(XRD) using the Bruker D8 Advance Diffractometer (Cu
Kα = 1.54 A˚) for which a part of the sample was crushed
using agate mortar to obtain the powdered specimen. A
rectangular bar shaped piece from the remaining sam-
ple was cut for transport measurements. Resistivity and
magnetoresistance are measured by standard four probe
technique whereas a five probe method is used for mea-
suring the Hall resistivity using the AC-Transport option
of PPMS down to 2 K and magnetic fields up to 9 T.
RESULTS AND DISSCUSSION
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FIG. 1. (a) Red solid circles show the room temperature x-ray
powder diffraction pattern along with its Rietveld refinement
(black line). The blue line shows the difference between ob-
served and calculated data along with the Bragg peaks (ver-
tical green lines). (b) Crystal structure of Co2TiAl.
Figure 1 (a) shows the x-ray powder diffraction pat-
tern along with its Rietveld refinement, the difference be-
tween observed and fitted pattern along with the Bragg
peak positions and figure 1 (b) shows the cubic crystal
structure of the sample. The XRD pattern shows no
impurity peaks. Rietveld refinement of the XRD data
confirms the single phase nature of the sample and its
crystallization in cubic L21 structure having space group
Fm3¯m. Cobalt occupies (14 ,
1
4 ,
1
4 ) whereas Ti and Al oc-
cupy (0,0,0) and (12 ,
1
2 ,
1
2 ) Wyckoff positions respectively.
The lattice parameter obtained from Rietveld refinement
is found to be 5.85A˚ which is in agreement with the
literature [22].The Rietveld refinement also suggests the
stoichiometric formation of the sample i.e. Co:Ti:Al =
2.04(1):0.99(1):1.03(2).
Resistivity and Magnetoresistance
Figure 2 shows the temperature dependent resistivity
in zero magnetic field, taken during cooling and heating
cycles. Resistivity decreases gradually as the tempera-
ture is decreased from 300 K down to 5 K signifying the
metallic nature of the sample in this temperature range.
Resistivity changes slope ∼ 125 K which corresponds to
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FIG. 2. Resistivity versus temperature in zero magnetic field,
blue and red circles indicate the cooling and heating curves.
Inset shows the derivative of the resistivity data.
the temperature driven phase transition from PM to FM
state at the Curie temperature (TC = 125 K) [23]. TC
here is determined as the point of inflection in the deriva-
tive of zero field resistivity curve as shown in the inset
of figure 2. The Residual Resistivity Ratio (RRR) value,
defined as ρ300K/ρ5K , is 6.75 for the sample. According
to Matthiessen’s rule, the total resistivity of crystalline
metallic samples is the sum of all the resistivity contri-
butions resulting from various scattering processes which
can be expressed as:
ρ(T ) = ρ0 + ρe−m + ρe−p + ρe−e (2)
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FIG. 3. (a) Theoretical fits to the zero-field resistivity data as
a function of temperature and (b) ρxx (T) at various constant
magnetic fields.
3where ρ0 is the residual resistivity, ρe−m, ρe−p and ρe−e
are the electron-magnon, electron-phonon and electron-
electron scattering contributions to the total resistivity.
ρ0 is temperature independent part arising from lattice
defects, imperfections or disorder. ρe−p varies linearly
with temperature whereas ρe−m and ρe−e have quadratic
temperature dependence. The temperature dependent
resistivity is analyzed in the temperature range of 5 K
- 50 K, 50 K - 110 K and 150 K - 300 K in order to
extract the different scattering contributions to the re-
sistivity. Figure 3 (a) shows the temperature dependent
resistivity at zero-field along with the theoretical fits and
3 (b) shows ρxx(T ) at various constant magnetic fields.
In the high temperature range i.e. 200 K ≤ T ≤ 300
K , a linear temperature dependence of resistivity is ob-
served as a result of the electron-phonon scattering. Be-
low TC , in the temperature range of 50 K ≤ T ≤ 110 K,
a combination of linear and quadratic temperature de-
pendence fits well. It is found that the linear term is an
order of magnitude larger than the square term which
suggests that the electron-phonon scattering is the dom-
inant contribution in the temperature range upto 50 K.
Below 50 K, only a T2 dependence is obtained. These
fittings have also been applied for the data in presence of
magnetic fields but for the sake of clarity these fittings are
not shown in the figure. Scattering from both electron-
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FIG. 4. Variation in strength of electron-magnon scattering
(B) with magnetic field in the temperature range (a) 6-50 K
and (b) 50-110 K
electron and electron-magnon follows the T2 relation but,
the strength of scattering resulting from electron-electron
is insensitive to magnetic fields whereas, the strength of
electron-magnon scattering gets suppressed with exter-
nal applied magnetic fields. To determine the origin of
T2 dependence, the magnetic field dependence of such
scattering strength has been determined. Coefficient of
T2 term (B) obtained from the fitting between 5-50 K
and 50-110 K are plotted against the respective fields in
figures 4 (a) and (b) showing a decreasing trend with the
increase in magnetic field; suggesting the T2 behaviour
originates from electron-magnon scattering. The indi-
cation of electron-magnon scattering has also been re-
ported by earlier specific heat and resistivity measure-
ments [23, 25].
Figure 5 shows isothermal change in resistivity
∆ρxx(H)= ρxx(H) − ρxx(0) as a function of magnetic
field below TC . Resistivity decreases on increasing the
field leading to negative magnetoresistance. The mag-
nitude of change in resistivity decreases on lowering the
temperature, and below 10 K, resistivity initially falls on
increasing the field but shows an upturn at higher field.
This is shown in inset of figure 5. At large fields, above
the technical saturation, the field dependence of isother-
mal resistivity is mainly determined by electron-magnon
scattering and scattering from Lorentz force. The spin
flip scattering of conduction electrons with magnons gets
suppressed on increasing the magnetic field which reduces
the resistivity. On the other hand, the scattering from
Lorentz contribution increases with magnetic field and
enhances the resistivity. Below 100 K the non saturat-
ing decay of resistivity with field is an indication of the
electron-magnon scattering. Magnons are the collective
magnetic excitations of the spin ordered ground state,
and at low temperatures, it becomes increasingly difficult
to excite the magnons in the spin ordered state. This re-
duces the total amount of magnons and thus the electron-
magnon scattering. The decrease in the magnitude of
resistivity drop at lower temperatures is an outcome of
reduced electron-magnon scattering. The high field de-
pendence of resistivity due to electron-magnon scattering
in the temperature range of TC/5 to TC/2, and below
the fields of 100 T, can be described by [26]:
∆ρxx(T,B) ∝
BT
D(T )2
ln(
µBB
κBT
), (3)
where D(T ) is defined as magnon stiffness or magnon
mass renormalization, B is magnetic field and T is the
temperature. The fitting of equation (3) to isothermal
resistivity curves at the temperatures of 50 K and 30 K
above 4 T is shown in figure 5. The data fits well with
equation (3) confirming that electron-magnon scattering
is responsible for the observed non saturated negative
magnetoresistance. Below 10 K, the strength of electron
magnon scattering is weak which gets further suppressed
on increasing the magnetic field. At larger fields, the
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FIG. 5. Change in resistivity (∆ρxx) as a function of field
measured at various constant temperatures, the solid lines
are fit to the equation (3) at 30 K and 50 K. Inset shows the
enlarged view of ∆ρxx at 10 K and 2 K.
4scattering from Lorentz contribution starts dominating
leading to an upturn in magnetoresistance.
Hall Resistivity
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FIG. 6. Isothermal Hall resistivity versus magnetic field at
various temperatures.
Hall resistivity as a function of magnetic field at con-
stant temperatures below TC is shown in figure 6. Above
TC in the PM state, hall resistivity increases linearly with
magnetic field which is the ordinary hall effect as shown
in the inset of figure 6. Below TC in the FM state, ρxy
has two linear regions; first is the low field region where it
increases steeply up to a certain field above which there is
a change in slope which almost saturates. This behaviour
of hall resistivity in the FM state is the anomalous hall
effect. The slope of ρxy in the high field region renders
the charge carrier density while the sign of slope deter-
mines the type of charge carriers. ρAHxy is determined
by extrapolating the ρxy(H) data from high field region
to zero field as shown in figure 6. The temperature de-
pendence of ρAHxy and ρxx is shown in figure 7 (a) and
(b) respectively. It is observed that the anomalous hall
resistivity increases with temperature similar to that of
the longitudinal resistivity. The anomalous Hall resis-
tivity (ρAHxy ) and the longitudinal resistivity ρxx follow a
scaling relation based on the scattering mechanisms in-
volved. In ferromagnets, the anomalous hall resistivity
ρAHxy scales with longitudinal resistivity ρxx as:
ρAHxy = aρxx + bρ
2
xx (4)
where the first and second terms on right hand side arise
from skew scattering (SK) and side-jump (SJ) or intrinsic
(I) contributions respectively to the anomalous hall re-
sistivity [10–14]. It has been shown that the temperature
independent residual resistivity (ρxx0) and temperature
dependent part of the longitudinal resistivity (ρxxT ) have
distinct role in driving the AHE [27, 28]. Therefore, the
scaling between the ρAHxy and ρxx has been revised taking
ρxx0 and ρxxT both into account i.e. by replacing ρxx by
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FIG. 7. (a) ρAHxy and (b) ρxx as a function of temperature.
(c) shows the scaling between ρAHxy and ρxx as per equation
(5).
(ρxx0 + ρxxT ), equation (4) can be written as:
ρAHxy (T ) = (α0ρxx0+α1ρxxT )+β0ρ
2
xx0+γρxx0ρxxT+β1ρ
2
xxT
(5)
Here the term (α0ρxx0 + α1ρxxT ) is the total skew scat-
tering (ρAH−SKxy ) contribution to ρ
AH
xy (T), γρxx0ρxxT is
the cross-term arising from competition between different
scatterings and (β0ρ
2
xx0 + β1ρ
2
xxT ) is the total contribu-
tion from the side-jump scattering and/or intrinsic effect
(ρ
AH−(SJ,I)
xy ). Equation (5) depicts the temperature de-
pendence of anomalous hall resistivity. We have scaled
ρAHxy with ρxx in order to extract the scattering contri-
butions that drive the AHE in this system. To begin,
the general scaling for ρAHxy (T) defined in equation (4) is
used to scale AHE but it does not provide a good fit to
the data suggesting that it does not completely address
the inherent mechanism involved in the AHE of this sys-
tem. Individual linear and quadratic relation also does
not provide the good fit. In order to separate the tem-
perature dependent and temperature independent con-
tributions to ρAHxy , scaling of ρ
AH
xy with ρxx discussed in
equation (5) is used to fit the data and a good fit is ob-
tained which is shown in figure 7(c). Figure 8(a) shows
the dependency of each individual term used in equa-
tion (5) on temperature, which are basically the different
contributions to ρAHxy (T). The terms α0ρxx0 and β0ρxx0
are temperature independent, whereas the terms α1ρxxT
and β1ρ
2
xxT are temperature dependent terms. The term
β1ρ
2
xxT has a weak temperature dependence upto 50K
and increases in magnitude above this temperature. Ir-
respective of magnitude, a finite contribution from all
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FIG. 8. (a) Fitting of the equation (5) to the temperature
dependence of Anomalous hall resistivity (ρAHxy ) and the in-
dividual terms contributing to ρAHxy as a function of tempera-
ture, (b) and (c) show the dependence of Skew scattering and
Side-jump/Intrinsic contributions to ρAHxy on temperature re-
spectively.
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FIG. 9. Change in resistivity (∆ρxx) (red solid circles) and the
side-jump contribution to AHE (ρAH−SJxy ) (blue solid rhom-
bus) as a function of temperature (solid lines are the guide to
eye).
these terms is obtained at all the temperatures. Using the
equation (5), a good fit to the temperature dependence
data of the ρAHxy (T) is obtained confirming the scaling
of ρAHxy (T) with ρxx as shown in figure 8 (a). Figure 8
(b) and (c) show the total contribution to the ρAHxy aris-
ing from skew scattering (ρAH−SKxy ) and side-jump or in-
trinsic effect (ρ
AH−(SJ,I)
xy ) respectively where both make
finite contribution to the total ρAHxy and are temperature
dependent. In terms of magnitude, the skew scattering is
almost an order larger than the side-jump/intrinsic con-
tributions thereby dominating the ρAHxy (T). Usually it is
0 50 100 150 200 250 300
0.05
0.10
0.15
0.20
xy
 (
 c
m
)
T (K)
1 T
FIG. 10. Hall resistivity as a function of temperature in the
presence of 1 T magnetic field.
expected that the intrinsic contribution remains almost
independent of temperature. Experimentally, it has been
a challenge to distinguish the intrinsic and side-jump con-
tributions as both show the scaling ρAHxy ∝ ρ
2
xx. Since the
intrinsic contribution to AHE is considered to be tem-
perature independent, the temperature dependent part
of (ρ
AH−(SJ,I)
xy ) is expected to be coming from side-jump
scattering contribution (ρAH−SJxy ).
Further it has been proposed that the electron-magnon
scattering can lead to the temperature dependence of the
side-jump contribution [29]. As discussed earlier, our sys-
tem has electron-magnon contribution to resistivity and
the magnetoresistance is governed by electron-magnon
spin flip scattering. Therefore, magnons could be respon-
sible for side-jump contribution asserting the theoretical
prediction by Yang et al. [29]. To confirm this possibil-
ity, we have scaled the temperature dependence of change
in resistivity with field (∆ρxx) and ρ
AH−SJ
xy as shown in
figure 9. A good correlation between MR and ρAH−SJxy
confirms that the ρAH−SJxy (T) originates from the spin
flip electron-magnon scattering.
Figure 10 shows hall resistivity as a function of tem-
perature at 1 T. As temperature is reduced ρxy slowly
increases with a peak at TC ∼ 125 K followed by re-
duction in ρxy. Large ρxy at TC could be due to spin
fluctuations where PM to FM order sets in. The temper-
ature dependent ρxy values are same as those obtained
from isothermal ρxy at 1 T which further supports the
scaling of ρAHxy with ρxx in the FM region.
SUMMARY
In conclusion, a detailed study of magnetotransport
properties of Cobalt-based Heusler alloy Co2TiAl by re-
sistivity, magnetoresistance and hall resistivity has been
carried out. Analysis of temperature dependent ρxx
shows the manifestation of electron-magnon scattering
6below TC . In this regime the magnetoresistance is neg-
ative and governed by spin flip electron-magnon scatter-
ing. Hall resistivity shows a large change at PM to FM
transition. Anomalous hall resistivity is observed below
TC which scales with longitudinal resistivity. Scaling of
anomalous hall resistivity shows that AHE in this sys-
tem is driven by extrinsic mechanism viz. skew scatter-
ing and side-jump scattering mechanisms, however skew
scattering dominates the ρAHxy (T). Side-jump contribu-
tion to the anomalous hall resistivity correlates well with
the magnetoresistance, confirming the origin of side-jump
contribution to be the electron-magnon scattering.
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